We calculate collision strengths and their thermally-averaged Maxwellian values for electron excitation and de-excitation between the fifteen lowest levels of singly-ionised cobalt, Co + , which give rise to emission lines in the near-and mid-infrared. Transition probabilities are also calculated and relative line intensities predicted for conditions typical of supernova ejecta. The diagnostic potential of the 10.52, 15.46 and 14.74 µm transition lines is briefly discussed.
INTRODUCTION
Cobalt transition lines are useful astronomical probes especially in analysing the observational data of supernovae (SNe) where these emissions can be used to assess the nucleosynthesis and decay processes associated with the SN explosion. The spectra of supernova ejecta show prominent infrared forbidden lines of singly-and doubly-ionised ions of the iron group elements: nickel, cobalt and iron, where the formation of these elements is largely based on the radioactive decay chain 56 Ni → 56 Co → 56 Fe (Colgate & McKee 1969; Kuchner et al 1994; Bowers et al 1997; Liu et al 1997; Churazov et al 2014) . Hence, the lines of these elements can be used to examine the underlying nuclear processes. These lines can also be used for the determination of particle number density and for analysing the thermodynamic conditions of these objects (Nussbaumer & Storey 1988; Kuchner et al 1994; Bowers et al 1997; Adelman et al 2000; del Peloso et al 2005; Bergemann et al 2010) .
Observations of cobalt lines in super and symbiotic novae, largely forbidden transitions in the infrared and optical parts of the spectrum, have been reported in a number of studies (Axelrod 1980; Li et al 1993; Jennings et al 1993; Kuchner et al 1994; Dinerstein 1995; Bowers et al 1997; Liu et al 1997; McKenna et al 1997; Churazov et al 2014) . Definite or tentative observations of certain forbidden transitions of Co in the spectra of planetary nebulae and H ii regions have also been reported (Baluteau et & Liu 2011) . Cobalt lines have also been observed in other astronomical objects like early-type stars (Adelman et al 2000) and cool stars (Bergemann et al 2010) as well as in the solar spectrum (Kerola & Aller 1976; Salih et al 1985; Pickering et al 1998; Bergemann et al 2010) . Relevant observational data related to the SN spectra in general and to the IR lines in particular have been gathered in the past using various instruments such as the Infrared Spectrograph (IRS) on the Spitzer Space Telescope and Himalaya Faint Object Spectrograph Camera (HFOSC) on the Himalayan Chandra Telescope (see e.g. Sahu et al (2006) and Jerkstrand et al (2012) ).
There are several experimental investigations (see e.g. Sugar & Corliss (1981 ; Salih et al (1985) ; Crespo López-Urrutia et al (1994); Mullman et al (1998a,b) ; Pickering et al (1998); Ruffon & Pickering (2013) ) in which atomic data, such as energy levels and radiative transition probabilities, have been reported. Nussbaumer & Storey (1988) reported calculations of forbidden transition probabilities between the energetically lowest eight levels of Co + using a multi-configuration atomic model. The calculations, which are based on employing the Superstructure code (Eissner et al 1974; Nussbaumer & Storey 1978) , have also included summarisation of similar calculations for Co i and Co iii transitions. These data were intended to facilitate the analysis of the observations of SNe in general and SN1987A in particular. Raassen et al (1998) conducted experimentally-based calculations of oscillator strengths and transition probabilities for a number of dipole-allowed and dipole-forbidden transitions of singlyionised cobalt using a semi-empirical approach based on employing an orthogonal operator method within an inter-mediate coupling scheme. The data were intended for use in analysing astronomical spectra from such objects as Co stars and late type supernovae. For similar purposes, Quinet (1998) computed radiative transition probabilities for the dipole-forbidden transitions between the 47 metastable energy levels in the 3d 8 , 3d 7 4s and 3d 6 4s 2 configurations of the singly-ionised cobalt using a configuration interaction Hartree-Fock relativistic approach with optimised radial parameters based on the available observed energy levels.
In this paper, we report computational atomic data in the form of collision strengths and their thermally-averaged Maxwellian values for electron excitation and de-excitation between the 15 lowest levels of Co + as well as transition probabilities for a number of the forbidden lines of Co ii in the infrared section of the spectrum. The investigation is generally based on employing the R-matrix method and codes 1 (Berrington et al 1974 (Berrington et al , 1987 Hummer et al 1993; Berrington et al 1995) where the scattering calculations are conducted using a 13-configuration atomic target within a Breit-Pauli intermediate coupling approximation.
In Section 2 of the present paper, we discuss the target used in our Co + model and give the resulting transition probabilities. Details of the Breit-Pauli R-matrix electron scattering calculations can be found in Section 3. Results and some diagnostics appear in Section 4. The paper is finalised in Section 5 with general conclusions and discussion.
Co
+ ATOMIC STRUCTURE
The scattering target
A schematic diagram of the term structure of Co ii is shown in Figure 1 . The lowest 19 terms are of even parity from the configurations 3d 8 and 3d 7 4s. In this work we are concerned with the excitation mechanisms of the forbidden transitions among these even-parity terms, particularly those lying in the near-and mid-infrared. The levels giving rise to midinfrared transitions and the corresponding wavelengths are shown in Figure 2 . Transitions from higher terms give rise to near-infrared lines but these are expected to be weaker at the temperatures typical of supernova ejecta.
It is expected that the odd-parity terms of the 3d 7 4p configuration will give rise to resonance series that affect the collision strengths for excitation of the low-lying even-parity levels and should therefore be included in the target for the electron scattering calculation. The extent of our target is shown by the solid line in Figure 1 and includes 26 terms and 72 levels. The target states were expanded over the set of thirteen electron configurations listed in Table 1 and the target wavefunctions were calculated with the program Autostructure, (Eissner et al 1974; Nussbaumer & Storey 1978; Badnell 2011) , which uses radial wavefunctions calculated in scaled Thomas-Fermi-Dirac statistical model potentials. The scaling parameters were determined by minimising the sum of the energies of all the target terms, computed in LS-coupling, i.e. neglecting all relativistic effects. The resulting scaling parameters are given in a negative scaling parameter, λ nl , signifies a hydrogenic correlation orbital with nuclear charge 27|λ nl |.
In Table 3 we compare the term energies calculated with our target with experiment for the 26 terms of the target. The calculated term energies include one-body relativistic shifts, the mass and Darwin terms, and the spin-orbit interaction. This is the level of approximation that applies in the R-matrix code used for the electron scattering calculation. In Table 4 we compare the calculated energies of the 15 lowest levels with experimental values. In this table we also show the results obtained when the two-body fine structure interactions described by Eissner et al (1974) are included. The overall fine-structure splittings of the tabulated terms are significantly improved when the two-body terms are in- cluded, with the average difference from experiment falling from 5.3% to 1.8%. Table 4 serves as a key to the levels for use in later results for transition probabilities, collision strengths and effective collision strengths.
A further measure of the quality of the target is a comparison between weighted oscillator strengths, gf , calculated in the length and velocity formulations. Good agreement between the two formulations is a necessary but not sufficient condition for ensuring the quality of the target wavefunctions. This comparison, given in Table 5 , shows an average difference in the absolute values of gf of 10.9% between the two formulations, which we consider acceptable for an open d-shell system.
Transition probabilities
Using the target wavefunctions described above, we computed the forbidden transition probabilities among the lowlying even parity terms. The calculated energies are replaced by experimental energies to correct the energy factors connecting the ab initio calculated line strengths to the transition probabilities. The results are given in Table 6 with comparison to values obtained from previous investigations. We only tabulate those probabilities from a given upper level which exceed 1% of the total probability from that level. We also tabulate the magnetic dipole transition probabilities between the levels of the 3 F and 5 F terms calculated assuming the states are described by pure LS-coupling, in which case the line strength is given by a simple formula (Nussbaumer & Storey 1988) .
The mid-infrared transitions between the levels of the 3d 8 a 3 F and 3d 7 4s a 5 F terms are dominated by magnetic dipole decays which change J by unity, with electric quadrupole transitions being orders of magnitude smaller. This leads to a step-wise decay through the levels within each term, as illustrated in Figure 2 . The lowest a 5 F level, Sugar & Corliss (1985) . a The 5 D 0 energy, which is not known experimentally, was derived from the calculated 5 D 1 -5 D 0 energy separation. a 5 F5, decays by a very weak magnetic dipole transition to the ground a 3 F4 level. We discuss this transition in more detail at the end of this section.
We find very close agreement with Nussbaumer & Storey (1988) for transition probabilities within the a 3 F and a 5 F terms, with differences less than 1% between the two calculations. Differences of up to 45% occur for transitions between the b 3 F and two lower terms and within that term. We also find reasonable agreement with the work of Quinet (1998) for the transitions of interest here, the magnetic dipole transition probabilities within the a 3 F and a 5 F terms. His results differ by no more than 20% from the present work for those transitions. Larger differences, of up to 60% are seen for transitions from the higher b 3 F, a 1 D and a 3 P terms to the ground a 3 F term, although the remaining transitions show much smaller differences, typically about 10%. The calculation of Quinet (1998) uses a similar configuration basis to the present work but employs a HartreeFock approach which incorporates fitting of Slater parameters to experimental energies. Consequently, that method yields calculated energies in much better agreement with experiment than our ab initio results. We do, however, make empirical corrections to the LS-Hamiltonian matrix to bring our final calculated level energies into good agreement with experiment, to ensure that the spin-orbit interactions between levels of different terms are corrected for any errors due to incorrect term energy separations. We also use experimental energies in the calculation of transition probabilities from line strengths. Table 6 also shows the forbidden transition probabilities calculated by Raassen et al (1998) , which show very good agreement with the present work, differing by less than 10% in all but three cases and agreeing within 1% for all the magnetic dipole transitions between the levels of the a 3 F and a 5 F terms. Despite this very close agreement for the infrared transitions, the larger differences between our results and those of Quinet (1998) should probably be viewed as a measure of the uncertainty in the values of the transition probabilities for this rather complex ion.
The a 5 F5-a 3 F4, which was briefly referred to above, requires a separate discussion. Since there are no magnetic dipole matrix elements between different terms, this transition must proceed via an interaction between 3d 8 a 5 F4 and 3d 7 4s a 3 F4. As discussed by Nussbaumer & Storey (1988) , there is no direct spin-orbit interaction between a 3 F4 and a 5 F4 levels; only very small two-body fine-structure terms. A combination of configuration interaction between a 3 F and b 3 F, plus spin-orbit interaction between b 3 F4 and a 5 F4, is also excluded because the matrix element for the a 3 F -b 3 F electrostatic interaction is also zero. In practice, the transition can occur via configuration interaction between a 3 F and c 3 F, which is non-zero, and spin-orbit interaction between c 3 F4 and a 5 F4, but the c 3 F is at relatively high energy (40228 cm −1 ) so the interaction is very weak. In their discussion of this transition, Nussbaumer & Storey (1988) point out that since it is very weak, it might be significantly altered if the relativistic corrections to the magnetic dipole operator described by Eissner & Zeippen (1981) were included. These corrections are included in the current work and we find that they change the a 5 F5-a 3 F4 transition probability by less than 1%. Among the four lowest terms, the largest changes due to these corrections, ranging from 0 to 3.2%, are seen in the b 3 F-a 5 F multiplet. We also find that the exclusion of two-body fine-structure terms only changes the a 5 F5-a 3 F4 transition probability by a small amount (5%).
For this transition, our calculated probability of 9.93×10 −6 s −1 is a factor 2.0 times larger than the value of Nussbaumer & Storey (1988) and a factor 3.2 times larger than that found by Quinet (1998) . Raassen et al (1998) do not give a value for this transition probability. In addition to the mechanism described above, we find that the a 3 F4 and a 5 F4 levels can interact via 3 F terms belonging to the 3d 7 4d configuration. We believe that it is presence of these interactions that causes the large differences between the different calculations. The present calculation and that of Nussbaumer & Storey (1988) utilise a short-range correlation 4d orbital to approximate the effect of the infinite series of bound and continuum d orbitals that should be accounted for. Quinet (1998) does not use such orbitals and so underestimates the contribution of the 3d 7 nd configurations to the transition probability.
Within the a 3 F and a 5 F terms, radiative decays occur stepwise between adjacent levels with probabilities of order 10 −2 s −1 , while the probability of a transition between the a 5 F and a 3 F terms is typically four orders of magnitude smaller. Hence the only transition of significance between the two terms is a 5 F5-a 3 F4. In a physical situation where levels are excited by electron collisions and decay by radiative decay or collisional de-excitation this transition alone determines the critical electron density above which the rate of collisional de-excitation of the a 5 F levels is larger than radiative decay. We return to this point in Section 4.1.
SCATTERING CALCULATIONS
The Breit-Pauli R-matrix method which is used in this calculation is described fully elsewhere (Hummer et al 1993; Berrington et al 1995) and references therein. The calculations described here were made with the parallel versions of the codes 2 . We use an R-matrix boundary radius of 14.9 au, to encompass the most extended target orbital (4p). The expansion of each scattered electron partial wave is over a basis of 12 functions within the R-matrix boundary, and the partial wave expansion extends to a maximum of 2J = 19.
Collision strengths are computed at 20000 equally spaced values of the energy in the resonance region and a further 1000 values in the region where all scattering channels are open, up to an incident electron energy of 1.5 Rydberg. In Figure 3 we illustrate our results with the calculated collision strengths between the three levels of the ground 3d above threshold. Due to the multiple close lying thresholds the collision strengths display very dense and complex resonance structures.
RESULTS AND DISCUSSION
In Table 7 , the final thermally averaged collision strengths between the 15 energetically lowest levels are given as a function of electron temperature. In the energy region where all scattering channels are open we find some small irregular features in the collision strengths that are almost certainly non-physical and caused by the correlation orbitals in the target representation. We have computed thermally averaged collision strengths for the transitions and temperature range given in Table 7 both including and excluding the contribution from the region of all channels open, and find the largest change for any transition is 0.3% at log10T = 4.0, 2.4% at log10T = 4.2 and 9.4% at log10T = 4.4. For the excitations from the a 3 F levels to the a 5 F levels, the maximum difference at any temperature is 2.2%. Hence for the infrared transitions of interest here the contribution from any non-physical features is insignificant. The values tabulated in Table 7 were computed using the full energy range.
The IR line ratios
The transitions between the levels of the a 3 F and a 5 F terms give rise to mid-infrared lines lying between 10.5 and 39.3 µm. The relative intensity of the two lines arising from the a 3 F term (10.52 µm and 15.46 µm, see Figure 2 ) is sensitive to electron density for densities less than about 10 6 cm −3 and relatively insensitive to temperature for temperatures greater than about 3000 K due to the low excitation energies. The lines from within the higher lying a 5 F term, the 14.74 µm line for example, are more sensitive to electron temperature. Ratios of the intensities of these three lines can therefore be used to simultaneously determine the electron temperature and density of the emitting material if they lie in the appropriate range. This is illustrated in Figure 4 where we plot the 10.52/14.74 µm ratio against the 10.52/15.46 µm ratio for various temperatures and densities. We discussed in Section 2.2 the role of the a 5 F5-a 3 F4 transition in determining the relative populations of the a 5 F and a 3 F levels and the rather large differences in the calculated values for the radiative decay probability for this transition. The value calculated by Quinet (1998) is about a factor of three smaller than ours and a lower transition probability would mean that the critical density for collisional de-excitation of the a 5 F levels would be three times smaller. Above the critical density the relative level populations tend to their Boltzmann values and depend only on temperature as shown by the lines in Figure 2 corresponding to electron number densities of 10 7 and 10 8 cm −3 . If the transition probability of Quinet (1998) were adopted, these high density limit values of the ratios would be reached at a density three times lower.
CONCLUSIONS
In this paper, the Co ii forbidden transitions between the fifteen lowest energy levels of singly-ionised cobalt, Co + , have been investigated. Radiative transition probabilities and, for the first time for this ion, collision strengths for excitation by electrons and their thermally-averaged values based on a Maxwell-Boltzmann electron energy distribution have been calculated. An elaborate atomic target was used to perform the scattering calculations using the R-matrix method in the Breit-Pauli approximation and intermediate coupling scheme.
We have compared the radiative transition probabilities with those from three previous calculations by Nussbaumer & Storey (1988) , Quinet (1998) and Raassen et al (1998) , and briefly discussed the consequences of the differences seen for the spectroscopy of the infrared lines. Although there is good agreement between our data and the previous works, there are also some significant differences, particularly for the important a 5 F5-a 3 F4 transition. This probability is clearly very sensitive to the choice of configurations and orbitals, and we have argued that our basis and orbitals give the most reliable value for this probability.
The diagnostic potential of the infrared lines is illustrated by showing that the three lines at 10.52, 14.74 and 15.46 µm can potentially be used to measure the electron density and temperature of the emitting region. These lines are of particular use in the study of supernovae.
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